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Edited by Jesus AvilaAbstract The transcription factor Sox2 is expressed at high
levels in neural stem and progenitor cells. Here, we inactivated
Sox2 speciﬁcally in the developing brain by using Cre–loxP sys-
tem. Although mutant animals did not survive after birth, analy-
sis of late gestation embryos revealed that loss of Sox2 causes
enlargement of the lateral ventricles and a decrease in the num-
ber of neurosphere-forming cells. However, although their neuro-
genic potential is attenuated, Sox2-deﬁcient neural stem cells
retain their multipotency and self-renewal capacity. We found
that expression level of Sox3 is elevated in Sox2 null developing
brain, probably mitigating the eﬀects of loss of Sox2.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Members of the SoxB1 subfamily, Sox1, Sox2, and Sox3,
are coexpressed in NS/P cells in the developing brain [1,2].
So far, the consequences of loss of Sox1 and Sox3 in the devel-
oping CNS have been examined [3–5]. Sox1 mutant mice are
viable and possess no overt abnormalities in the developing
brain [3,4], suggesting that there is functional redundancy
among SoxB1 members. Analysis of Sox3 mutant mice also
suggests the redundancy between SoxB1 family members with-
in the developing brain [5]. However, the functional role of
Sox2 in the developing brain remains to be directly assessed
by gene targeting analysis due to the early embryonic lethality
of Sox2 knockout embryos [6].
Here, we show that loss of Sox2 in the developing brain re-
sults in enlarged lateral ventricles, a phenotype that was not
observed in Sox1 or Sox3 mutant embryos. Our analyses also
reveal that Sox2 plays a signiﬁcant role in generating the
appropriate number of neural stem and progenitor (NS/P) cells
in the developing brain.*Corresponding author. Fax: +81 42 984 4763.
E-mail address: akiokuda@saitama-med.ac.jp (A. Okuda).
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2.1. Construction of targeting vector, production of mice, and genotyping
The mouse Sox2 ORF was ligated to an IREShygTKpA cassette,
and then ﬂanked by synthetic loxP sites to construct the ﬂoxed Sox2
construct. Genomic DNA fragments (2903 to 29 and +965 to
+3304, with the adenine nucleotide of the translation initiation codon
set as +1) were used as upstream and downstream homologous arms,
respectively.
Sox2WT/FL cells were generated with E14tg2a ES cells using the tar-
geting vector and used to generate F1 heterozygous animals. These
mice were backcrossed with C57BL/6 mice three times and then bred
to Nestin-Cre transgenic mice [7] to obtain compound heterozygous
mice.
2.2. Neurosphere culture
Preparation of forebrain cells and neurospheres and diﬀerentiation
of neurosphere cells were done as described previously [8] from 14.5-
days postcoitum (dpc) embryos.
2.3. Immunostaining
Immunostaining was done as described previously [8]. For quantiﬁ-
cation of BrdU labeling, Ki67, and Mash1 positive cells, the number of
immunoreactive cells in a ﬁxed area (218 · 162 lm) of the germinal
zone was counted. For each case, three diﬀerent samples were used
to obtain standard deviations.3. Results and discussion
3.1. Conditional inactivation of Sox2 in neural stem/progenitor
cells
To assess the role of Sox2 in the developing brain, we dis-
rupted the Sox2 gene speciﬁcally in NS/P cells using the
Cre–loxP system (Fig. 1A). To achieve restricted Cre recombi-
nation in NS/P cells in Sox2FL mice, we crossed them to Nes-
tin-Cre mice, which express Cre recombinase under the control
of an NS/P-speciﬁc regulatory element of the Nestin gene [8].
Sox2WT/FL mice were bred with the Nestin-Cre transgenic mice
to obtain compound heterozygous mice and Sox2FL/FL; Nestin-
Cre embryos were obtained by intercrossing the compound
heterozygous mice (Fig. 1B).
The level of Sox2 mRNA in mutant embryos was decreased
to about 5% of wild-type at both 14.5 and 19.5 dpc (Fig. 1C).
Furthermore, immunohistochemistry using an anti-Sox2 anti-
body showed that only a few Sox2+ cells were detectable atblished by Elsevier B.V. All rights reserved.
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Fig. 1. Sox2FL/FL; Nestin-Cre embryos are null for Sox2 in the CNS. (A) Schematic diagram showing the wild-type allele (WT), targeting vector,
ﬂoxed allele (FL), and deleted allele (D). The entire intronless coding (black box) and 3 0-ﬂanking region has been replaced by the Sox2 ORF and
IRES-HygTKpA gene (hatched box). Arrowheads, LoxP sites; open boxes, 5 0 and 3 0 non-coding regions; thick black line below the wild-type allele,
Southern blot probe. (B) Southern blot analysis. NsiI-digested DNA from ES cells (left) and brain (right) was subjected to Southern blotting. (C)
Total RNA samples isolated from 14.5 and 19.5 dpc forebrains of wild-type and mutant mice were subjected to quantitative RT-PCR for Sox2. The
level of Sox2 mRNA in the 14.5 dpc forebrain was arbitrarily set at one. The level of b-actin mRNA was used as an internal control to normalize
expression levels between samples. The data were obtained from six independent experiments with comparable results, and are expressed as the
means ± S.D. (D) Anti-Sox2 immunostaining of sections of 16.5 and 18.5 dpc mutant (Sox2FL/FL; Nestin-Cre, lower panels) and littermate control
(Sox2WT/FL; Nestin-Cre, upper panels) embryos. a, antibody. (E) Genotyping of Sox2FL/WT; Nestin-Cre compound heterozygous intercross progeny.
*One embryo showed severe growth retardation; #dead.
2812 S. Miyagi et al. / FEBS Letters 582 (2008) 2811–281516.5 and 18.5 dpc in the telencephalic ventricular zone (Fig.
1D).
Sox2WT/FL; Nestin-Cre and Sox2FL/FL mice with no Nestin-
Cre transgene derived from crosses of Sox2WT/FL; Nestin-Cre
mice looked normal and fertile, but no Sox2FL/FL; Nestin-Cre
mice were obtained at weaning age (3–4 weeks after birth)
from intercrosses of Sox2WT/FL; Nestin-Cre mice (Fig. 1E).
Sox2FL/FL; Nestin-Cre embryos were recovered at roughly
the expected Mendelian ratio (3 out of 16 pups) at all embry-
onic stages (Fig. 1E), but survived no longer than 12 h post-
partum.
3.2. Sox2 is involved in quantity control of NS/P cells
To determine the biological consequences of Sox2 loss in
embryonic NS/P cells, we ﬁrst performed histological analysis
of sectioned developing brain tissue from Sox2FL/FL; Nestin-
Cre mutant and littermate control (Sox2WT/FL; Nestin-Cre)
embryos. We found that Sox2FL/FL; Nestin-Cre mutant mice
exhibited moderately enlarged lateral ventricles compared to
littermate control (Sox2WT/FL; Nestin-Cre) embryos (Fig.
2A–D). However, the immunostaining patterns of Nestin
(Fig. 2E and F), and MAP2 (Fig. 2G and H) suggested thatat least the overall organization of the developing brain is
fairly retained in mutant embryos. We found that neuronal
progenitor cells labeled by an anti-Mash1 antibody, were
slightly but reproducibly decreased in the ganglionic eminence
of mutant mice (Fig. 2I–K). We also noted a decrease in the
number of Ki67 antigen-positive cells (Fig. 2L–N). The de-
crease in BrdU-labeled cells was also evident in the cortex
and ganglionic eminence in mutant mice after intraperitoneal
BrdU injection (Fig. 2O–Q).
Since these results suggested that the Sox2FL/FL; Nestin-Cre
mice possess fewer NS/P cells, we next examined the number
of neurosphere-forming cells in the forebrain and found that
the number of primary neurosphere colonies generated from
brains of 14.5 dpc mutant embryos was reduced by about
50% compared to littermate controls (Fig. 3A).
3.3. Neural stem/progenitor cell characteristics are maintained in
Sox2-deﬁcient primary neurosphere cells
Next, we assessed whether Sox2-deﬁcient neural stem cells
retain stem cell characteristics. First, we examined the eﬃ-
ciency of secondary neurosphere formation and found that this
ability was comparable to that of neurospheres from littermate
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Fig. 2. Sox2FL/FL; Nestin-Cre embryos exhibit morphological abnormalities in the telencephalon. Coronal sections from 19.5 dpc littermate control
(Sox2WT/FL; Nestin-Cre; A, B) and mutant mice (Sox2FL/FL; Nestin-Cre; C, D) were stained with HE (A, C) or DAPI (B, D). Coronal sections of
19.5 dpc littermate control (E, G, I, and L) and mutant mice (F, H, J, and M) were immunostained with the antibodies indicated at the side of each
panel. For BrdU labeling (O–Q), timed pregnant mice were injected intraperitoneally with BrdU 3 h before sectioning. The graphed results are shown
as the means ± S.D. Asterisks indicate statistically signiﬁcant diﬀerences (t-test; P < 0.05: n = 3). Bar in C, 200 lm; bars in F and H, 100 lm; bars in J,
M and P, 50 lm. lv, lateral ventricle; GE, ganglionic eminence.
S. Miyagi et al. / FEBS Letters 582 (2008) 2811–2815 2813controls (Fig. 3A). We conﬁrmed that primary and secondary
neurosphere cells from mutant embryos were deﬁcient for
Sox2 by Southern blot (Fig. 3B) and quantitative RT-PCR
(Fig. 3C), eliminating the possibility that primary neurosphere
colonies from mutant mice consisted mainly of cells that had
not undergone Cre-mediated recombination. In addition, there
was no signiﬁcant diﬀerence in the eﬃciency of ternary neuro-
sphere formation between mutant animals and littermate con-
trols (data not shown).
To examine the diﬀerentiation potential of Sox2-deﬁcient
NS/P cells, primary neurosphere colonies were diﬀerentiated.
Cells stained with antibodies against neural markers are shown
in Fig. 3D. Single cell-derived Sox2-deﬁcient neurospheres dif-ferentiated into neurons and glia, although the frequency of bi-
potential colonies was moderately reduced compared to con-
trol cells (Fig. 3E). We also noted that Sox2-deﬁcient neuro-
spheres yielded fewer neurons compared to control cells
upon diﬀerentiation (Fig. 3F).
3.4. Loss of Sox2 does not alter expression of Notch signaling
components but results in upregulation of Sox3 expression
Notch signaling has recently been shown to function down-
stream of Sox2 [9,10]. Therefore, we examined the expression
levels of Notch1, Hes1, and Hes5 in the forebrain and in neur-
ospheres. As shown in Fig. 4A, the expression levels of these
genes were essentially unaﬀected by loss of Sox2 expression,
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Fig. 3. Sox2 mutant neural stem cells retained stem cell characteristics. (A) Self-renewal activity of Sox2 mutant neural stem cells. Dissociated
forebrain cells from 14.5 dpc mutants (Sox2FL/FL; Nestin-Cre) and littermate controls (Sox2WT/FL) were plated at a clonal density of 1000 cells/well
for 10 days, and generated colonies were counted (n = 16, left graph). For secondary sphere analyses, primary neurospheres with a diameter of about
200 lm were individually dissociated into single cells and replated. Statistical analysis was performed as in Fig. 2. (B) Southern blot analysis of the
primary neurosphere cells. Genomic DNA from primary neurosphere colonies was digested with Nsi1 and subjected to Southern blot analysis. (C)
Relative levels of Sox2 mRNA in mutant and control neurosphere cells. Total RNA from primary or secondary neurospheres was reverse transcribed
and subjected to quantitative RT-PCR. Data were treated statistically as in (A). (D) Multipotency of Sox2-deﬁcient neural stem cells. Primary
neurospheres from either mutant or control cells were individually cultured in chamber slide wells and were induced to diﬀerentiate with medium
containing fetal bovine serum and retinoic acid for 5 days. Cells were then subjected to immunostaining with anti-MAP2 and anti-GFAP antibodies.
Cells were counterstained with DAPI. (E) Bipotent colonies that produced both neurons and glia were counted and their percentage of total colonies
was calculated (n = 16). (F) Neuropheres from Sox2 mutant cells are defective in producing neurons upon diﬀerentiation. The number of total cells
(DAPI+) and MAP2-positive neurons in randomly selected areas were counted for each clone, and the frequency of neuron production was
calculated (n = 5 or more).
2814 S. Miyagi et al. / FEBS Letters 582 (2008) 2811–2815corroborating the above results that loss of Sox2 does not lead
to loss of multipotency and self-renewal properties of neural
stem cells.
Next, we examined whether elevated levels of Sox1 and/or
Sox3 expression compensate for the loss of Sox2 expression
in Sox2FL/FL; Nestin-Cre animals. As shown in Fig. 4B, we ob-
served a moderate but statistically signiﬁcant increase in Sox3
mRNA level in Sox2-deﬁcient cells compared to littermate
controls, whereas Sox1 expression was undetectable in both
control and Sox2-deﬁcient cells (data not shown).
In this manuscript, we demonstrate that loss of Sox2 in the
embryonic stages cause severer defects than those observed
with Sox1 or Sox3 mutant mice. It is likely that the distinct
requirements for diﬀerent SoxB1 members in the developing
brain result from diﬀerences in their expression levels, since
several lines of evidence suggest that members of SoxB1 sub-
family show intrinsically equivalent biological function inNS/P cells [1,10]. Our data also reveal that Sox2 plays an
important role in generating appropriate number of NS/P cells
in the developing brain, but is not absolutely required for
maintaining undiﬀerentiated state of already established NS/
P cells, albeit such Sox2-deﬁcient NS/P cells show less eﬃcient
ability for generating neuron when the cells are induced to dif-
ferentiate. There are several examples about the analyses of
Sox2 functions in adult CNS including retinal stem cells [10–
12]. In all case, these reports demonstrated pivotal roles of
Sox2 which are rather in contrast to those reported in the pres-
ent study using the developing brain. We assume that some-
what mild defect coupled to Sox2 deﬁciency which we
observed is due to the extensive overlap of expression of
Sox1, Sox2, and Sox3 in the developing brain [13]. In accor-
dance with this idea, our data show that Sox3 expression is ele-
vated in Sox2 mutant cells, which may at least in part
compensate for the loss of Sox2 in the developing brain.
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Fig. 4. Equivalent level of Notch signaling and elevated level of Sox3 in Sox2 mutant cells. Relative expression levels of Notch1, Hes1, and Hes5 (A)
and Sox3 (B) in developing brains and neurosphere cells were determined by quantitative RT-PCR. The expression level of each gene in the 14.5 dpc
forebrain is arbitrarily set at one. The data from six independent experiments are expressed as the means ± S.D.
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